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Abstract. This study examines the interaction of predation and resource-based effects
of fish on freshwater periphyton communities. Current theory predicts that fish primarily
influence periphyton communities by controlling herbivore densities. But fish may also
influence algal communities by increasing available nutrients via nutrient recycling. To
separate these effects and to determine their relative importance, we made a number of
specific predictions based on the literature and tested these predictions by manipulating the
presence and absence of the molluscivorous redear sunfish, Lepomis microlophus, and snails,
Physella heterostropha, in a replicated factorial experiment. We examined the effects of
fish on nutrient concentrations in the water and on snail grazing activity and life history
traits. We also evaluated the effect of fish and snails on cell number, biovolume, cell size,
and growth form of all periphyton, green algae, diatoms, and blue-green algae. Concen-
trations of phosphorus and nitrogen in the water were significantly higher in the presence
of fish, but this had little effect on total periphyton. Although fish had only visual and
waterborne (olfactory) contact with snails, their presence inhibited snail reproduction and/
or increased mortality of small snails such that twice as many snails were produced in the
absence of fish. Snail grazing activity was six times higher in the absence of caged fish
than in their presence. In the absence of fish, snails reduced periphyton cell number and
increased the average size of the periphyton cells, primarily through effects on green algae.
Snails reduced the biovolume of diatoms and blue-green algae. Fish also reduced diatom
biovolume by decreasing the average cell size of diatoms. Snails increased the proportion
of gelatinous colonies in the periphyton. Previous research suggests that fish have a positive
indirect effect on algae by removing grazers. Fish can augment this effect by negatively
affecting snail life history traits and by reducing grazing activity. In addition, fish may
have an important but less obvious direct effect on algae via changing nutrient concentra-
tions and possibly altering competitive outcomes among taxa and growth forms.
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INTRODUCTION
The interaction of predation and resource limitation
as factors determining the structure and function of
aquatic communities is not well understood (Crowder
et al. 1988). Traditionally, ecologists have considered
either the importance of resource-based or predator-
based forces to the structure and function of food webs
(Dillon and Rigler 1974, Elwood et al. 1981, Lamberti
and Resh 1983, Northcote 1988) but clearly both pre-
dation and nutrients may act simultaneously (Carpenter
et al. 1987, Stewart 1987, Vanni 1987, Leibold 1989,
McCormick and Stevenson 1991, Hansson 1992, Hun-
ter and Price 1992, Rosemond et al. 1993).
Cascading effects of predators can influence the
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structure and function of the community (Paine 1980,
Carpenter et al. 1985, 1987, McQueen et al. 1986, Van-
ni and Findlay 1990), but the evidence for consistent
predator-based effects is still equivocal (Carpenter and
Kitchell 1992, 1993a, DeMelo et al. 1992, Vanni 1996).
Clearly, nutrients are also an important determinant of
algal biomass and community structure (Tilman et al.
1982, Sommer 1983, Peters 1986, Carney et al. 1988,
Sterner 1989). Therefore any model of predator-based
effects should include not only the effect of removing
herbivores but also the effect of nutrient regeneration.
The pelagic zone and phytoplankton have been the
focus of most research on cascading predator effects,
but data increasingly point to the importance of the
littoral zone and periphyton to the structure and func-
tion of lake communities. Estimates of primary pro-
duction suggest that periphyton production is more than
adequate to support littoral grazers and predators
(Burkholder and Wetzel 1989a, Wetzel 1990). In ad-
dition, recent efforts at formulating pelagic nutrient
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TABLE 1. Hypotheses motivating the study of littoral-zone interactions of snails, fish, and algae, with predictions and
associated support.
Predictions and support
Expected relative
abundance†
Hypothesis 1: If fish affect periphyton by consuming snails and reducing grazing pressure on the algae (indirect trophic
cascade effect), then
A) Periphyton biovolume and cell number will be reduced in the presence
of snails compared to non-snail treatments (Cuker 1983, McCormick
and Stevenson 1989, Mulholland et al. 1991).
Biovolume: S 5 FS , F 5 A
Cell number: S 5 FS , F 5 A
B) In snail treatments, average cell size will decrease relative to non-
snail treatments (Cuker 1983, McCormick and Stevenson 1991, Martin
et al. 1992).
Avg. cell sizes: S 5 FS , F 5 A
C) Adnate algal cells will make up a greater proportion of the community
in snail treatments compared to non-snail treatments (Bro¨nmark 1989,
McCormick and Stevenson 1991, Steinman et al. 1991).
Percentage adnate: S 5 FS . F 5 A
D) Inedible algae, particularly gelatinous colonial greens and bluegreens,
will comprise a greater percentage of the community in the presence
of snails than in non-snail treatments (Porter 1977, Bro¨nmark 1989,
Steinman et al. 1992).
Percentage gelatinous colonies and
percentage bluegreens: S 5 FS . F 5 A
Hypothesis 2: If fish affect periphyton by increasing the rate of nutrient supply through excretion (direct effect), then
A) Nutrient concentrations will be higher in the presence of fish than in
their absence (Hansson et al. 1987, Brabrand et al. 1990, Kraft 1992).
TP and TN: F 5 FS . S 5 A
B) Periphyton biovolume and cell number will be greater in the presence
of fish (Drenner et al. 1986, Hambright et al. 1986, McCormick 1990).
Biovolume: F 5 FS . S 5 A
Cell number: F 5 FS . S 5 A
C) In fish treatments, average cell size will decrease (Reinertsen et al.
1986).
Avg. cell size: F 5 FS , S 5 A
D) Filamentous and upright growth forms will make up a greater pro-
portion of the community in fish treatments (Littler 1980).
Percentage filamentous: F 5 FS . S 5 A
E) Bluegreens and large greens will comprise a greater percentage of the
periphyton community in the presence of fish (Stevenson et al. 1985,
Reinertsen et al. 1986, Threlkeld 1988, Vanni and Findlay 1990, Mun-
die et al. 1991).
Percentage bluegreens and greens:
F 5 FS . S 5 A
† Letters in abundance column represent the following treatments: A 5 algae only (no snails or fish), F 5 fish present,
S 5 snails present, FS 5 fish and snails present.
budgets suggest that fish translocate energy and ma-
terials from the littoral to the pelagic habitat (Lodge et
al. 1988, Hecky and Hesslein 1995, Schindler et al.
1996, Vanni 1996).
The trophic cascade hypothesis has recently been
evaluated in freshwater littoral food webs (Bro¨mark et
al. 1992, Martin et al. 1992, Bro¨nmark 1994). In these
studies, molluscivorous fish reduced the abundance of
grazing snails and increased periphyton biomass. How-
ever, fish also release nutrients as a product of their
foraging, and these nutrients can influence algal bio-
mass and community structure. We conducted an ex-
periment to examine the relative contributions of pre-
dation and nutrient release by fish to the observed tro-
phic cascade in the littoral zone. Using the mollusci-
vorous redear sunfish, Lepomis microlophus, and the
snail Physella heterostropha, we attempted to separate
the resource-based and predation-based effects of fish
on periphyton. We tested the following a priori hy-
potheses regarding the effects of fish and snails on algal
biovolume, cell size, cell number, community com-
position, and cell morphology (see Table 1 for specific
predictions and literature support). Hypothesis 1: Fish
indirectly influence periphyton by consuming snails,
thereby reducing grazing pressure on the algae. Hy-
pothesis 2: Fish directly influence periphyton com-
munities by increasing nutrient concentrations; i.e., by
converting nutrients previously sequestered in snail
biomass into a dissolved, highly available form. Al-
though we expect both mechanisms to occur simulta-
neously in nature, observing the effects both separated
and in concert enabled us to determine their individual
importance, as well as the importance of their inter-
action, to periphyton.
METHODS
Experimental design and apparatus
To examine the predation-based and resource-based
effects of fish on periphyton, we conducted a 6-wk
experiment at North Carolina State University’s Aquat-
ic Research Facility (Raleigh, North Carolina) from
mid-June through early August 1992. Experimental
units consisted of 24 aquaria, each of which held 72
L. Each tank was covered with a lid made of white
plastic ‘‘no-seeum’’ netting (250-mm mesh), which
prohibited the emigration of snails and immigration of
all but a few small insects (chironomids). The aquaria
were placed outdoors in two water baths (each 2.5 m
in diameter), which acted as thermal buffers. We re-
corded daily maximum and minimum temperatures (av-
erage maximum 5 308C, average minimum 5 268C,
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and range 238–338C). On days when water temperatures
rose above 318C, we covered the experiment with shade
cloth from 1130 in the morning to 1500 in the afternoon
to reduce thermal loading. Each aquarium had a plastic
divider placed such that one side of the aquarium held
about one-third of the aquarium volume and the other
side held the remaining two-thirds. The dividers were
perforated with 1-mm holes positioned 5 mm apart to
allow water movement between the two compartments.
We manipulated the presence of redear sunfish and
snails in a 2 3 2 factorial experiment. Both species are
common in North Carolina freshwater littoral zones.
All treatments contained a periphyton assemblage. The
four treatments in the factorial were algae, snails, fish,
and (fish1snail). The experiment was blocked by water
bath; treatments were replicated twice within each
block, resulting in four replicates per treatment. Treat-
ments were assigned randomly within block.
Redears were obtained from a local fish hatchery,
and snails were collected from Yates Mill Pond, Wake
County, North Carolina. Mean fish size initially was
86 mm standard length (SL) and 16 g. We used the
smallest size of redear that was still able to consume
the largest snails in our tanks. Mean snail length (length
of longest shell axis) was initially 3.7 mm (range 1.5–
7.5 mm). In treatments with fish, one redear was placed
in the smaller section of the aquarium; in treatments
with snails, 45 snails were added to the larger section.
Thus, when fish and snails were in the same aquarium,
they were separated by a plastic divider. A pilot ex-
periment demonstrated that if fish had direct access to
the snails in the experiment, they consumed all of them
in a very short time. In natural habitats the snails would
be afforded more refugia, so that they likely would be
consumed by fish at a slower rate (Turner 1996). To
simulate fish predation, we removed three snails from
each snail tank at 3-d intervals and fed them to the fish
in the fish treatments (36 snails per aquarium removed
over the course of the experiment). Pilot experiments
established that this should be an adequate maintenance
ration for the fish and would also maximize the duration
of the experiment. The treatments can be summarized
as ‘‘algae-alone’’ [the control containing no animals],
‘‘snails-alone’’ [snails contained in the large side of
the aquarium, with some removed at a constant rate
and fed to the fish in the ‘‘fish-alone’’ treatment], ‘‘fish-
alone’’ [fish contained in the small side of the aquar-
ium], and ‘‘fish1snail’’ treatment [snails contained in
the large side of the aquarium, with some removed at
a constant rate and fed to the fish on the small side of
the same aquarium].
The initial animal densities used in our experiment
(8 fish/m2, 360 snails/m2) were higher than those found
in nature. Centrarchid densities in regional ponds and
reservoirs average 4 individuals/m2, though densities
range from 0 to 20 individuals/m2 because the fish move
in aggregations (Martin 1990). Natural snail densities
range from 62 to 250 individuals/m2 (Alexander and
Covich 1991, Harris 1992). Because we planned to
remove snails throughout the experiment, we set the
initial density to maintain realistic numbers over the
majority of the experiment. It is not uncommon for
‘‘cage’’ experiments to contain higher than natural den-
sities (due to constraints of cage size). As in any study
where this is the case, we caution that the impacts of
fish and snails in our study may be greater than those
found in nature. However, the mechanisms of inter-
actions we sought to elucidate should be common to
both systems.
To minimize sample variability, artificial plants were
used as substrata for the periphyton. The plants were
made from bamboo skewers (the main stem) and black
polypropylene ribbon cut into ‘‘leaves’’ 7.6 cm long
(7.0 cm2); each ‘‘plant’’ supported 12 leaves. The rib-
bons were gently abraded with emery board to create
a textured surface, allowing for a more diverse pe-
riphyton community than would have colonized
smooth ribbon (Pringle 1990, Muntenau and Malay
1981). Five plants were attached to each tank by af-
fixing five corks to the bottom of the larger section of
aquarium with silicone sealer and positioning one bam-
boo skewer per cork. Materials for the artificial plants
were preconditioned by soaking for 24 h in distilled
water to leach any residual toxins (Burkholder and
Wetzel 1989b). The artificial plants were constructed
to mimic submersed Polygonum densiflorum, a com-
mon macrophyte in North Carolina littoral zones and
the predominant macrophyte in Yates Mill Pond at the
time of snail collection.
An algal inoculum was obtained by collecting mac-
rophytes from Yates Mill Pond and Lake Johnson (both
small meso/eutrophic impoundments in Wake County,
North Carolina) and rinsing the associated periphyton
into deionized water. This slurry was homogenized
gently in a loosely fitting tissue grinder to create a
homogenous mixture immediately before addition to
the tanks (Burkholder and Wetzel 1989b). Each tank
was inoculated with 50 mL of the periphyton slurry on
19 June, one day after the tanks had been filled with
Raleigh city water treated to remove chloramines. Pe-
riphyton were allowed to colonize and grow for 2 wk
prior to the initiation of treatments. Snails were added
on 29 June, and fish were added on 3 July. Once the
treatments were imposed, the periphyton was exposed
to grazing in the snail-alone treatment, nutrient recy-
cling in the fish-alone treatment, and to both in the
fish1snail treatment. In the algae-alone treatment pe-
riphyton was not exposed to either.
Sampling procedure and processing
Replicate water samples were collected for nutrient
analyses from each aquarium at 10-d intervals begin-
ning 10 July. Samples were analyzed for total nitrogen,
total phosphorus, and ammonium. Total phosphorus
(TP) was measured following the acid persulfate di-
gestion method of Prepas and Rigler (1982). Total ni-
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trogen (TN) was analyzed using the base persulfate
digestion procedure of D’Elia and Steudler (1977).
Ammonium was measured with the Solo´rzano method
(Parsons et al. 1985) using modifications of Burkholder
and Sheath (1985) for immediate preservation with
phenol. Water samples collected on the day the tanks
were filled (18 June) were used to assess initial nutrient
levels (TP 5 32 mg/L, TN 5 181 mg/L, NH3 5 30.5
mg/L). The pH was measured near the beginning and
end of the experiment (8 July and 6 August) between
1130 and 1330, using a portable pH meter (Corning
model PS-15).
Positions of snails were recorded on five dates (5,
11, 23, and 29 July and 6 August) to determine whether
the presence of fish influenced snail behavior. We
counted the number of snails in six locations: above
the water line, on the upper surfaces of leaves, on the
lower surfaces of leaves, on the glass (both bottom and
sides of the aquaria), in the corners of the aquaria, and
on the tank divider. On and after 23 July we found both
snail eggs and recently hatched young. We did not in-
clude these small snails in the count to keep recruitment
and location separate. At the end of the experiment all
the tanks were emptied into a sieve. Snails were col-
lected from the sieve as well as from the sides of the
empty aquaria and remaining plants. We recorded the
sizes (length of longest shell axis to nearest 0.05 mm)
and numbers of these snails, and the standard lengths
(in millimeters) and masses (in grams) of the fish.
The periphyton was sampled at 10-d intervals be-
ginning on 29 June (5one pre-treatment and four post-
treatment samples). Following the methods of Burk-
holder and Wetzel (1989a, b), periphyton were col-
lected by cutting eight leaves per tank and slowly float-
ing them (still underwater) into a bottle filled with
deionized water (custom-designed, long-handled for-
ceps and scissors were used to sever leaves to minimize
collection-related disturbance). Leaves were chosen so
that a range of positions on the plants were sampled
on every date. Within a sampling date, leaves from the
same positions were taken from each tank. The leaf
samples were preserved in acidic Lugol’s solution (Vol-
lenweider 1974). In the laboratory the periphyton cells
were scraped from the eight leaves per aquarium using
a rubber stopper and pooled into a single sample per
aquarium. The samples were homogenized with a
loosely fitting glass tissue grinder and a subsample of
150 mL was settled in a counting chamber for at least
20 h (Burkholder and Wetzel 1989b). Each chamber
was examined at 4503 with an Olympus inverted mi-
croscope using the Utermo¨hl method (Lund et al.
1958). Taxonomic identification, cell numbers, and
biovolumes were determined for cells that were viable
at sampling. Eukaryote algal cells were considered vi-
able at sampling if the internal contents (e.g., chloro-
plasts and other organelles) were present; prokaryote
blue-green algae were considered viable at sampling if
the cells were pigmented (Burkholder and Wetzel
1989b). Identifications were made to genus according
to Prescott (1962, 1978) and Whitford and Schumacher
(1973). At least 400 viable cells were counted per sam-
ple. Cell counts were converted to biovolumes using
standard geometric formulae for shapes that approxi-
mated the cell shape (Munawar et al. 1974, Burkholder
and Wetzel 1989b). Biovolumes were estimated on a
per-cell basis whether cells were solitary or filamen-
tous. A minimum of 25 cells per taxon was used to
determine mean dimensions when sufficient cell num-
bers were available. The surface area of the artificial
leaves was measured (using a leaf area meter) and used
to calculate number of algal cells per unit area of sub-
strate.
Turbidity, which was likely related to phytoplankton
density in the treatments, was scored on several dates
(8, 11, and 23 July, and 6 August) using the following
arbitrary scale: 0 5 clear (bottom of tank clearly vis-
ible), 1 5 visibility ,30 cm (artificial plant cork bot-
toms not visible), 2 5 visibility ,15 cm (highest leaf
on artificial plants not visible).
Statistical analysis
Total phosphorus, total nitrogen, and ammonia for
the factorial experiment were analyzed by repeated-
measures ANOVA (for characteristics measured on the
same experimental units on several occasions; Morri-
son 1976). The ANOVA model included the effects of
block, fish, snails, and their interactions. The repeated-
measures results were clear for TP and ammonia but
less so for TN (a significant time effect and a nearly
significant fish effect). To determine if the fish effect
was significant at the end of the experiment, the TN
data from each date were analyzed with a three-way
ANOVA (block, fish, and snail). The pH was analyzed
on both dates using a two-way ANOVA (block and
treatment).
Snails were divided into two groups at the end of
the experiment. Small snails (,2 mm) were smaller
than those initially introduced and were assumed to be
recruits produced by the adults in each treatment. Large
snails (.2 mm) included primarily (but not exclusive-
ly) individuals that were introduced to the treatments.
A t test on the abundance of small snails tested for
differences in snail reproduction (or survival of repro-
duced snails) among treatments. The analysis on the
large snails tested for differences in mortality and
growth. Snail position data was also analyzed using a
t test. The six categories were combined into two; snails
on the divider, sides, and bottom of the aquaria and
upper surfaces of the leaves were termed ‘‘visible’’ and
snails in the corners of the aquaria, above the water
line, and on the lower surfaces of the leaves were con-
sidered ‘‘hidden.’’ We included only the first date in
the analysis of snail position because on later dates
visibility within tanks was confounded with treatment,
although observed trends were similar. Change in fish
body mass was analyzed using a two-way ANOVA. All
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FIG. 1. Responses of snails to fish and fish-free environ-
ments (means and 1 SE). (a) Number of snails ,2 mm in
length at the end of the experiment (8 August). (b) Number
of snails ‘‘visible’’ (counted on upper surfaces of leaves, glass
sides, or plastic divider) on 5 July.
ANOVAs were completed using the General Linear
Models (GLM) procedure of the Statistical Analysis
System (SAS 1987). Student’s t tests were computed
by hand.
Before analysis, periphyton genera were grouped
into the following categories; blue-green algae, green
algae, cryptomonads, diatoms, dinoflagellates, red al-
gae, and ‘‘total’’ (the combination of all groups). There
were so few cryptomonads, dinoflagellates and reds
that they were not examined as individual groups. Be-
cause both the algal taxa and the algal measurements
(biovolume, cell number, and cell size) are correlated,
we used multivariate analysis of variance (MANOVA)
to detect overall effects of treatments on vectors of
these responses. Prior to analysis, we used a natural
log(datum 1 1) transformation to normalize the data.
The following set of responses were analyzed in one
MANOVA: green algae cell number, diatom cell num-
ber, blue-green algae cell number, green algae cell size,
diatom cell size, and blue-green algae cell size. Total
periphyton and biovolume were not included because
they are combinations of the responses already in the
MANOVA. We then used univariate repeated-measures
ANOVA to determine which specific responses ac-
counted for the overall difference among treatments in
the MANOVA. We did include biovolume and total
periphyton in these analyses to determine the effect of
fish and snails on the system as a whole. Turbidity data
were analyzed using a two-way ANOVA for categorical
data (SAS CATMOD). Periphyton data from the last
date (8 August) were analyzed for fish and snail effects
on algal growth form (percent adnate, percent colonial,
etc.) using a three-way ANOVA. Community compo-
sition data from only the last date were included in the
analysis because periphyton communities respond
more slowly to manipulations of nutrients or grazers
than phytoplankton communities and only after five or
six weeks would treatment differences be likely to be
reflected in different periphyton communities (J. Burk-
holder, personal communication). Community com-
position data (proportions) were arcsine-transformed
before analysis.
RESULTS
Fish
All fish survived the experimental treatments. There
were no differences among treatments in body-mass
change of fish (F2,9 5 0.02, P 5 1.0). Fish lost an
average of 2 g each (12% of body mass) during the 6-
wk experiment.
Snails
Snails that were recovered from the tanks at the end
of the experiment occupied a greater size range (0.5–
10.5 mm) than those that were first introduced (1.5–
7.5 mm), because of snail growth and reproduction
during the experiment. Reproduction began during the
third week of the experiment. The presence of fish re-
duced the number of small snails (,2 mm) apparently
because of inhibited snail reproduction and/or in-
creased snail mortality (tdf56 5 2.81, P , 0.05). Tanks
with fish contained half the number of small snails
found in tanks without fish (Fig. 1a). There were no
significant differences in number of large snails among
treatments (t6 5 1.27, P 5 0.2) but at the end of the
experiment there were twice as many large snails in
the snail-only treatments as in the fish1snail treat-
ments. We did not anticipate snail reproduction and so
expected to find nine large snails per aquarium at the
end of the experiment regardless of the presence or
absence of fish (45 initial snails 2 36 removed snails).
Instead there were an average 72.5 snails in the absence
of fish and 35.5 snails in their presence.
Caged fish also influenced visibility of snails; in the
absence of fish there were more snails foraging on the
upper surfaces of the plant leaves and aquarium sides
and dividers than with fish (t6 5 14.7, P , 0.001; Fig.
1b). In the presence of fish, snails stayed on the un-
dersides of leaves (algal density was low to nonexistent
on the lower surfaces due to light availability) and in
the corners of the aquaria. If visibility indicates grazing
activity, snails in the snail treatments were six times
as active as in the fish1snail treatments.
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FIG. 2. Concentrations of (a) total phosphorus and (b)
total nitrogen over time in the presence of algae alone (A)
and with snails (S), fish (F), or fish and snails (FS). Data are
means 6 1 SE. First sample date is 11 d after initiation of
treatments. Square symbols indicate treatments with snails;
circles indicate treatments with no snails. Filled symbols in-
dicate treatments with fish; open symbols indicate treatments
with no fish. Asterisks denote significant fish effects accord-
ing to date 3 date ANOVA (*P , 0.05 and ***P , 0.001).
TABLE 2. Summary of MANOVA on the response vector of the littoral-zone interaction study.
Source
Wilks’
lambda F df P
Date
Block
Fish
Snail
Fish 3 Snail
Date 3 Block
Date 3 Fish
0.21549328
0.78618751
0.38089059
0.31725416
0.49538626
0.44826816
0.47127557
3.4161
1.3598
8.1271
10.7602
5.0931
1.5551
1.4446
18, 85
6, 30
6, 30
6, 30
6, 30
18, 85
18, 85
0.0001
0.2626
0.0001
0.0001
0.0010
0.0913
0.1322
Date 3 Snail
Block 3 Fish
Block 3 Snail
Date 3 Block 3 Fish
Date 3 Block 3 Snail
Date 3 Fish 3 Snail
Block 3 Fish 3 Snail
0.50508621
0.71967387
0.82661274
0.76565124
0.54871487
0.63150394
0.86890540
1.2950
1.9476
1.0488
0.4694
1.1207
0.8366
0.7544
18, 85
6, 30
6, 30
18, 85
18, 85
18, 85
6, 30
0.2119
0.1053
0.4144
0.9644
0.3473
0.6532
0.6110
Notes: Response vector includes means of green algae cell number, diatom cell number, blue-
green algae cell number, green algae cell size, diatom cell size, and blue-green algae cell size.
Nutrient concentrations
Phosphorus concentrations (TP) were significantly
higher in the fish treatments than in the nonfish treat-
ments (F1,8 5 22.18, P , 0.002) (Fig. 2a). By the end
of the experiment, TP was 43 higher in the presence
of fish than in their absence. Although not significant
using the repeated-measures ANOVA, (F1,8 5 4.2, P
, 0.075), by the end of the experiment, mean nitrogen
(TN) concentrations with fish were 2.53 higher than
that of the mean without fish (Fig. 2b). TN levels were
significantly higher in the presence of fish on 28 July
(F1,8 5 8.33, P , 0.02) and on 8 August (F1,8 5 27.31,
P , 0.001). Ammonia concentrations did not differ
among treatments or over time (F1,8 5 3.22, P 5 0.11).
The differences in nutrient levels among treatments did
not result in different N:P ratios among treatments. The
N:P ratio did, however, change over time, decreasing
from an average of 55 to an average of 11 across treat-
ments. There were no significant differences among
treatments in pH (F3,12 5 1.48, P , 0.28 [10 July]; F3,12
5 2.54, P , 0.11 [6 August]). The average pH was
8.5 on 10 July, and 9.3 on 6 August.
Algae
The MANOVA indicated significant date, fish, snail,
and fish 3 snail interactions (Table 2).
Total periphyton.—There were twice as many pe-
riphyton cells in the absence of snails as with snails
(F1,8 5 15.1, P , 0.005; Fig. 3a). This effect did not
translate into a significant negative effect of snails on
biovolume because mean cell size increased in the pres-
ence of snails without fish (Figs. 4a and 5a). In the
snail treatment average cell size was approximately
twice that without snails (F1,8 5 9.66, P , 0.015; Fig.
4a). Interestingly, the snail effect on cell size was com-
pletely suppressed in the presence of fish, resulting in
a significant fish effect on cell size (F1,8 5 10.58, P ,
0.012) and a significant fish 3 snail interaction (F1,8 5
9.79, P , 0.014). Mean algal cell size in the fish1snail
treatment did not differ from mean algal cell size in
treatments without snails.
Green algae.—Green algae (Chlorophyceae) made
up 45–90% of the overall periphyton biovolume.
Hence, results for this algal group were similar to those
for total periphyton. The snail treatments contained sig-
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FIG. 3. Number of periphyton cells per sample over the course of the experiment (means 6 1 SE). First sample date is
prior to initiation of treatments; the rest are post-treatment. (a) Total number of periphyton cells, (b) green algal (Chlorophyta)
cell number, (c) diatom (Chrysophyta) cell number, and (d) blue-green (Cyanophyta) cell number. Symbols are as in Fig. 2.
nificantly fewer cells than the algae and fish treatments
(F1,8 5 5.22, P , 0.051; Fig. 3b). There was no effect
of treatment on green-algae biovolume because mean
cell size was higher in the snail treatment (F1,8 5 6.13,
P , 0.038; Figs. 4b and 5b). Fish suppressed the effect
of snails on cell size so that mean cell size in the
fish1snail treatment was indistinguishable from that of
the no-snail treatments (Fig. 4b). Thus, there was a
significant effect of fish on green-algal cell size (F1,8
5 14.21, P , 0.006) and a significant fish 3 snail
interaction (F1,8 5 15.81, P , 0.004).
Diatoms.—Diatoms (Bacillariophyceae) were the
next most common algal division, comprising from 10
to 53% of the total periphyton biovolume among treat-
ments. Again, snails significantly decreased diatom cell
number (F1,8 5 20.78, P , 0.002; Fig. 3c), but unlike
the influence of snails on total periphyton or green
algae, this effect was translated into a significant neg-
ative effect on diatom biovolume (F1,8 5 9.87, P ,
0.014; Fig. 5c).
Diatom biovolume was also significantly reduced by
fish (F1,8 5 9.34, P , 0.016; Fig. 5c). This was due to
a nonsignificant trend for cell number to decrease in
the presence of fish (F1,8 5 4.74, P , 0.061; Fig. 3c)
and a significant negative effect of fish on average di-
atom cell size (F1,8 5 7.18, P , 0.028; Fig. 4c). The
negative effects of fish and snails on diatom biovolume
were clearly evident when diatoms were divided into
three size classes: small (,350 mm3), medium (350–
1000 mm3), and large (.1000 mm3) (Fig. 6). There was
consistently less diatom biovolume in the presence of
snails than in their absence, indicating the negative
effect of snails on cell number. The effect of fish on
cell size was discerned by comparing the fish treat-
ments (fish [F] and fish1snail [FS]; Fig. 6) to their
‘‘factorial controls’’ (algae [A] and snail [S]; Fig. 6).
There were fewer large diatoms in the fish-only treat-
ment than the algae treatment, and there were fewer
large diatoms in the fish1snail treatment than in the
snail-only treatment.
Blue-green algae.—Blue-green (Cyanophyceae) al-
gal cell numbers were significantly lower in the pres-
ence of snails (F1,8 5 11.27, P , 0.01; Fig. 3d). In the
snail and fish1snail treatments there were virtually no
blue-green algae. Mean cell size did not differ among
treatments throughout the experiment (F1,8 5 0.47, P
5 0.5; Fig. 4d) so the decrease in cell numbers resulted
in a significant negative effect of snails on blue-green
algal biovolume (F1,8 5 12.97, P , 0.007; Fig. 5d).
Community composition and morphology.—Snails
did not change the percentage of the community com-
posed of adnate cells at the end of the experiment (F1,11
5 0.31, P 5 0.59), perhaps because the overall pro-
portion of adnate cells was low (,0.1 in most aquaria).
But snails did increase the percentage of the periphyton
biovolume composed of gelatinous colonies (such as
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FIG. 4. Average periphyton cell size over the course of the experiment (means 6 1 SE). First sample date is prior to
initiation of treatments; the rest are post-treatment; (a) average cell size of all periphyton, (b) average green algal (Chlorophyta)
cell size, (c) average diatom (Chrysophyta) cell size, and (d) average blue-green (Cyanophyta) cell size.
Sphaerocystis, Coelastrum, and Gleocapsa) (F1,11 5
9.25, P , 0.011; Fig. 7a) and decreased the percentage
composed of filamentous forms (such as Oedogonium
and Anabaena) (F1,11 5 13.38, P , 0.0038; Fig. 7a).
Although fish did not have a positive effect on fila-
mentous forms, they did inhibit the negative effect of
snails on filamentous algae, resulting in a significant
fish 3 snail interaction (F1,11 5 5.54, P , 0.038).
Green algae comprised a greater percentage of the
community in all treatments as the experiment pro-
gressed. This primarily was due to the increase of the
filamentous green alga Oedogonium inconspicuum.
However, in the presence of fish, green algae comprised
a greater percentage of the community than in no-fish
treatments (F1,11 5 5.13, P , 0.044; Fig. 7b). Snails
decreased the proportion of the periphyton community
made up of blue-green cells (F1,11 5 7.23, P , 0.021;
Fig. 7b).
Turbidity.—Fish significantly increased turbidity (P
, 0.001; Fig. 8). There were no sediments in the tank
that could have been suspended by fish movement, and
the water was green; hence, the decrease in visibility
suggested that phytoplankton abundances were higher
in the presence of fish.
DISCUSSION
We expected fish to affect periphyton indirectly
through the consumption of snails (Hypothesis 1) and
directly by regenerating nutrients (Hypothesis 2) (Table
1). As predicted, snails reduced the number of periph-
yton cells in all taxa by grazing (Hypothesis 1A). We
also predicted that snail grazing would decrease bio-
volume (Hypothesis 1A). However, snails had no effect
on total or green algal biovolume, although they did
decrease diatom and blue-green algal biovolume. The
lack of an effect on total and green algal biovolume
apparently occurred because decreases in cell number
and increases in cell size (green algae and total pe-
riphyton) with snails essentially canceled each other.
We predicted that average cell size would decrease be-
cause larger cells are allegedly more vulnerable to snail
grazing (Hypothesis 1B). Instead, snails increased total
and green algal cell size, but had no effect on diatom
and blue-green algal cell size. Apparently snails also
have an upper limit in the size of cells that they can
consume without difficulty. Cattaneo and Kalff (1986)
found that in the presence of snails, extremely large
cells (10 000 mm3) dominated the periphyton commu-
nity. Thus, increased cell size in the presence of snails
may result from selective grazing on intermediate-sized
periphyton cells.
Although we predicted the proportion of adnate cells
would increase in the presence of snails, there were no
differences among treatments in this proportion (Hy-
pothesis 1C). This is surprising, as it is one of the
clearest reported effects of snails on periphyton com-
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FIG. 5. Periphyton biovolume over the course of the experiment (means 6 1 SE). First sample date is prior to initiation
of treatments; the rest are post-treatment. (a) Total periphyton biovolume, (b) green algal (Chlorophyta) biovolume, (c) diatom
(Chrysophyta) biovolume, and (d) blue-green (Cyanophyta) biovolume.
FIG. 6. Biovolume of three size classes of diatoms on 29
July. Bars are the means (and 1 SE) of four replicates.
munity composition (Bro¨nmark 1989, McCormick and
Stevenson 1991, Steinman et al. 1991). It may have
been difficult to detect these effects in our experiment
because adnate species were relatively rare in all our
treatments.
In the presence of snails, we expected blue-green
algae and gelatinous colonial green algae to increase
relative to other forms because they are resistant to
grazers (Hypothesis 1D). As predicted, snails increased
the percentage of gelatinous colonies. In contrast to
our predictions, the percentage of blue-green algae was
lower in the presence of snails than in their absence.
Many blue-green algal species are toxic or unpalatable
to snails and have been demonstrated to increase in the
presence of herbivores (Cattaneo and Kalff 1986).
Based on previous literature (Bro¨nmark 1989, Porter
1977), it is unlikely that the snails were consuming
blue-green algae preferentially. But a few studies sug-
gest that snails select patches of edible algae, not edible
cells, and are thereby less selective (Hunter 1980, Lowe
and Hunter 1988). Blue-green filaments also may have
been dislodged and inhibited from growing by the me-
chanical movement of snail feeding (Hunter 1980,
Roos 1983, Lowe and Hunter 1988).
Hypothesis 1 did not include the possible effects of
nutrient recycling on periphyton via the snails. The
importance of snails as a potential nutrient source for
the periphyton is unclear. Underwood (1991) found that
nutrient recycling by snails occurs and has a positive
effect on periphyton. But Cuker (1983) did not find any
nutrient enrichment of periphyton due to snails. We did
not examine this mechanism because Martin et al.’s
(1992) data indicated that removing snails had a pos-
itive rather than negative effect on periphyton. But it
could be important in some littoral systems.
As predicted, fish increased the concentrations of
total phosphorus and total nitrogen in the water column
(Hypothesis 2A), but this did not translate into in-
creased algal biovolume or cell numbers (Hypothesis
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FIG. 7. (a) Percentage of periphyton biovolume compris-
ing filaments, gelatinous colonies, and other growth forms on
8 August. (b) Taxonomic composition of periphyton by treat-
ment. Green 5 Chlorophyta, Diatom 5 Chrysophyta, Blue-
green 5 Cyanophyta, Dinoflagellate 5 Pyrrhophyta, Red 5
Rhodophyta.
FIG. 8. Turbidity over the course of the experiment
(means 6 1 SE). Higher values of this index indicate lower
transparency.
2B). Also unexpectedly, fish decreased diatom bio-
volume. This resulted from a decrease in average di-
atom cell size in the presence of fish. Fish likewise had
a negative effect on mean cell size of total periphyton
and of green algae. Although we predicted that fish
would decrease average cell size (Hypothesis 2C), our
results were not via the expected mechanisms.
We predicted that diatoms would be smaller in the
presence of fish because small cells have a competitive
advantage when nutrients are patchy (Harris 1986,
Steinman et al. 1992). The problem with ascribing this
mechanism to the higher proportion of small diatoms
in the presence of fish is that there were not more small
cells with fish; there were fewer large cells. The re-
duced abundance of large diatoms may have been de-
termined by competition for space with green algae.
Fish significantly increased the proportion of the com-
munity comprised of filamentous green algae (primar-
ily Oedogonium) (predicted by Hypothesis 2D and 2E).
Filaments have a competitive advantage over most al-
gal cells because they can extend beyond the boundary
layer and access nutrients unavailable to other cells
(Stevenson et al. 1985, Riber and Wetzel 1987, Burk-
holder et al. 1990, Steinman et al. 1992). In addition,
Oedogonium has extremely high rates of phosphorus
assimilation, which can improve its competitive ability
(Steinman et al. 1992).
As Oedogonium increased in the presence of fish in
our experiment, it occupied a greater percentage of the
space available for colonization. However, cells that
could be successful under the Oedogonium matrix or
live as epiphytes on the filaments may not have been
limited by competition for space. Small diatoms were
capable of both (Roos 1983), but large diatoms may
not have been able to compete successfully for space
and so declined in abundance. Fish, then, may have a
direct effect on algal communities by increasing nu-
trients and shifting competitive dominance within the
periphyton community.
Fish may also have affected mean total and mean
green algal cell size via an effect on snail behaviors.
When alone, snails increased algal cell size. By inhib-
iting snail grazing, fish completely suppressed this ef-
fect. In this experiment, about six times more snails
were seen actively grazing on periphyton in the absence
of fish. We cannot determine from this experiment
whether snails actually altered their size selectivity pat-
terns under predation risk or whether reductions in
grazing activity alone could account for this shift. Mc-
Cormick (1990) found that sunfish reduced snail graz-
ing without increasing snail mortality. In another study,
snails spent a greater amount of time out of the water
in the presence of predatory crayfish, which decreased
the amount of time they spent grazing on periphyton
(Alexander and Covich 1991). Turner (1996) found that
snails exposed to water that had been in contact with
crushed conspecifics increased their refuge use two-
fold over controls.
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In our experiment, redear sunfish further reduced cu-
mulative snail grazing by either inhibiting snail repro-
duction or increasing snail mortality or both. Overall,
the snail-alone treatments had about twice as many
snails (both large and small) at the end of the experi-
ment as did snail populations with fish, despite identical
snail removal protocols. Predation by fish on new re-
cruits small enough to cross the plastic barrier is un-
likely to be the cause of this difference in abundance.
Snails were rarely observed on the divider when fish
were present though they were often seen on the ‘‘snail
side’’ of the divider when fish were absent. Only two
snails were ever found to have crossed the divider in
any treatment. Snail eggs and new recruits were not
seen until 23 July indicating that differences in snail
numbers or size structure could only account for dif-
ferences in algal composition or size during the last 2
wk of the experiment.
Other studies have found similar shifts in snail life
history traits in the presence of predators. In the pres-
ence of a crayfish cue (i.e., no actual contact between
snails and crayfish), Physella virgata exhibited rapid
growth rates and little reproduction until they reached
10 mm (Crowl and Covich 1990). In the absence of
the crayfish cue, snails began to reproduce at 4 mm.
The presence of the central mudminnow (Umbra limi)
reduced the number of egg masses and the abundance
of juvenile snails of Lymnaea elodes (Brown and
DeVries 1985). Alternatively, reproduction could have
been similar across treatments but mortality could have
been higher in the presence of fish even without direct
contact. For instance, reduced grazing rates could de-
crease survival. McCollum and Van Buskirk (1996)
found that dragonflies decreased tadpole survival even
though the dragonflies were caged and had no direct
contact with the tadpoles. Predators can, therefore,
have important indirect effects on periphyton abun-
dance and size structure by producing waterborne cues
that influence snail life history and behavior.
The differences in turbidity among fish and no-fish
treatments suggest that there were more phytoplankton
in the tanks with fish. Periphyton and phytoplankton
compete for the same resources (light and nutrients)
within the littoral zone, so proliferation of one often
has negative repercussions on the other (Kuhn et al.
1981, Roos 1983, Hansson 1988, 1990). Although we
do not have direct evidence that phytoplankton in-
creased in our experiment, the change in turbidity sug-
gests it as a reasonable possibility. It is conceivable
that fish increased the concentration of available nu-
trients causing an increase in the phytoplankton pop-
ulation. This in turn decreased the light available to
the periphyton and resulted in the nonresponse of pe-
riphyton biovolume to fish nutrients. Future studies of
periphyton should include observations of phytoplank-
ton to determine the importance of their interactions.
Rather than maintain their initial body mass, the fish
in our experiment lost ;12% of their mass. But this
was not an unrealistic scenario; a mass loss of $15%
is not uncommon for food-limited fish at summer tem-
peratures (Swingle and Smith 1940, Swingle 1951,
Beamish et al. 1975, Brett 1979, Elliott 1981, Rice et
al. 1983). Over the long term, fish that lose body mass
may be a net source of nutrients whereas fish that gain
mass may be a sink for nutrients. However, over the
short term, starved fish release fewer nutrients than fed
fish (Rychly and Marina 1977, Mather et al. 1995).
Thus the mass loss in our experimental fish probably
decreased our ability to see a strong effect of fish-
recycled nutrients on periphyton.
In addition to increasing the amount of nitrogen and
phosphorus in the water column, fish can alter the ratio
between the two. The N:P ratio can have important
effects on algal community composition (Rhee 1978,
Tilman 1982, Smith 1983). We monitored the N:P ratio
for this reason but found that the N:P ratio did not
differ among treatments. N:P ratios did change over
time (from 55 to 11) suggesting that the algae were
becoming increasingly N limited. We would expect a
change in N:P to cause a shift toward blue-green dom-
inance in the community (Smith 1983), a result that we
did not see in any treatment. Changes in N:P ratio
appeared to have little effect in our experiment.
Because our experiment required manipulating the
presence and absence of fish and snails, we were also
manipulating total nutrient pools and whether nutrients
were available or sequestered. The initial nutrient pool
in treatments containing fish or snails was higher than
in treatments with algae alone. Some studies on algae
assume that biovolume is determined primarily, if not
completely, by the total amount of nutrients in the sys-
tem (the total nutrient pool or set point [Power 1992]).
This perspective usually holds true over the long term
but over the short term the nutrients sequestered in
animal bodies are not available to the algae (Vanni
1996). The animals can be sinks rather than sources of
nutrients, particularly when they are growing (Mather
et al. 1995, Vanni 1996). Even on large scales such as
in whole lake manipulations, changing fish and her-
bivore biomass does relatively little to the sestonic nu-
trients (Carpenter and Kitchell 1993a, Kitchell and
Carpenter 1993). Since we were interested in nutrients
available to the periphyton over the short term (days
to weeks), we did not expect the difference in animal
biomass among our treatments to be an important in-
fluence on the periphyton community. However, we
examined the alternative hypothesis that change in total
nutrient pools among treatments explains our results.
If manipulating animal biomass, and therefore the
total nutrient pool of our experimental systems, had
any effect on the periphyton biovolume, we would pre-
dict that biovolume would be greatest in the fish1snail
treatment. Periphyton biovolume in the fish treatment
should be less than in the fish1snail treatment but
greater than in either the algae or snail treatment. The
expected ranking between the algae and snail treatment
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is debatable because we initially ‘‘added’’ nutrients rel-
ative to the algae treatment by adding snails, but we
were ‘‘removing’’ nutrients throughout the experiment
by artificially imposing predation on the snails and re-
moving them. Thus, based on total nutrient pools or
set points, we would expect the final treatment bio-
volumes of periphyton to be ranked FS . F . (A ?
S). Our experimental results rank as A . F . S 5 FS.
The fish1snail treatment, which had the most nutrients
added as animal biomass, had the lowest periphyton
biovolume. The algae treatment had the highest bio-
volume instead of lowest or next to lowest. These re-
sults are opposite the total nutrient pool predictions.
Thus, although we changed the total amount of nutri-
ents in the system by manipulating presence and ab-
sence of animals, this had little effect on the periphyton
biomass. Fish and snails had important effects on pe-
riphyton via different mechanisms.
In summary, some of the results support the predic-
tions in Table 1 while others were unexpected and
therefore increased our understanding of the system.
As expected, periphyton cell numbers decreased in the
presence of snails but unexpectedly periphyton bio-
volume remained unchanged. Snail grazing changed
average cell size but in the opposite direction from the
prediction. Grazing also increased the proportion of
grazer-resistant colonial green algae but surprisingly
did not also increase the proportion of blue-green algae.
This suggests that snail grazing strongly influenced,
but did not completely control, periphyton abundance
and size structure. As anticipated, nutrient concentra-
tions were higher in the presence of fish but we did
not see an increase in algal biovolume as a result of
the higher nutrients. Mean periphyton cell size de-
creased, though probably for different reasons than we
predicted. Large, filamentous green algae made up a
greater percentage of the community in fish treatments
but the expected concomitant increase in blue-green
algae did not occur. Thus, fish can have important direct
effects on algae, though they may be more subtle (i.e.,
seen in changes in community composition rather than
biovolume) than their indirect effects.
Our initial hypotheses did not anticipate fish effects
on snail behavior, reproduction, or survival. Despite
identical removals of snails in snail and fish1snail
treatments, snail grazing activity (as gauged by number
of snails observed foraging) was reduced nearly six
times in the presence of fish; similarly, fish suppressed
snail reproduction and/or increased snail mortality by
nearly a factor of two. This led to a significant fish 3
snail interaction (for total and green algal cell size, and
biovolume of filamentous algae) where the negative
effects of snails were suppressed in the presence of the
caged fish. Thus, fish have important effects on snail
life history and behavior independent of predation,
which in turn can influence periphyton.
Strong (1992) argues that trophic cascades are rare
and only occur in simple food webs with only a single
or a few key herbivore species and only a single or a
few key carnivores. The pelagic cascade supports this
theory in that cascades seem to be apparent primarily
when large Daphnia species are present (Kerfoot 1987,
Carpenter and Kitchell 1993b). Daphnia are strongly
influenced by planktivores (Hrbacek 1962, Brooks and
Dodson 1965, Galbraith 1967, Mills et al. 1987) and
can behaviorally avoid predation via vertical migration.
Daphnia have high grazing rates and are generalist
feeders, allowing them to have a strong influence on
phytoplankton populations.
Many characteristics of Physella in the littoral cas-
cade are similar to characteristics of Daphnia in the
pelagic cascade. There is increasing evidence that snail
distributions can be controlled by predation (Bro¨nmark
et al. 1992, Martin et al. 1992). In addition, our results
suggest that the direct effect of predation on snail abun-
dance may be augmented by shifts in snail behavior
and life history traits. All of these mechanisms suggest
that the strong link between predators and prey pre-
dicted for trophic cascades exists between mollusci-
vores and snails.
Our study shows that fish can have effects on pe-
riphyton through multiple pathways. Previous research
(Bro¨nmark et al. 1992, Martin et al. 1992, Lodge et al.
1994) suggests that fish and crayfish have a positive
indirect effect on algae by removing snail grazers. Our
data support this while showing that fish enhance this
effect by inhibiting snail reproduction and by suppress-
ing grazing activity. In addition, our data suggest that
fish can have an important direct effect on algae,
through the resupply of nutrients and potentially by
altering competitive outcomes among taxa and growth
forms (cf. Rosemond 1996). Our findings also docu-
ment that more than just biomass measures are needed
to quantify the response of periphyton communities to
both resource-based and predation-based forces. By
measuring algal cell number, cell size, community com-
position, and growth form, we were able to more clearly
separate the complex effects of fish on nutrients and
grazers and ultimately on the littoral periphyton.
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